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A mathematical model is used to investigate the role of sedimentation and 

remineralization in the sediment on nitrogen (N) dynamics in intensive shrimp culture 

ponds.  The model describes the key processes involved in N cycling that underpin the 

dynamics of total ammoniacal N (TAN), nitrate/nitrite (NOX) and chlorophyll a (CHL) 

concentrations and the sediment N pool.  These parameters may, in high concentrations, 

impact negatively on the shrimp or the adjacent aquatic environment when water is 

discharged from ponds.  The model was calibrated for an Australian commercial shrimp 

(Penaeus monodon) pond.  Most N enters the pond system as TAN from shrimp excretion 

of dietary N, and decomposition of wasted feed, and is subsequently taken up by 

phytoplankton, which, on senescence, are sedimented, and remineralized.  Sediment 

remineralization is the dominant source of TAN in the water column for all but the 

beginning of the production cycle.  The remineralization rate of sedimented N was 

estimated at 6% per day.  Nonetheless, sediment acts as a net sink of N throughout the 

production cycle.  The effect of management strategies, including increased stocking 

densities, water exchange and sludge (= sedimented material) removal, on water quality 

were examined.  Model outputs show that using current shrimp farming techniques, with 

water exchange rates of 7% d-1, an increase in stocking densities above 60 animals m-2 

would result in unacceptably high TAN concentrations.  Both sludge removal and water 

exchange provide effective ways of reducing TAN and NOX concentrations, and may 

allow substantially higher stocking densities.  However, sludge removal may be the more 

acceptable option , given the need to meet strict regulatory requirements for discharge 

loads in some countries and the desire to reduce water intake to improve biosecurity. 
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1. Introduction 

The mid 1980s to early 1990s was a period of rapid growth in the production of cultured 

shrimp, particularly in south east Asia and central America.  However, the shrimp 

aquaculture industry is facing unprecedented criticism for unsustainable practices (Naylor 

et al., 1998, 2000).  This has included the discharge of pond waters high in nutrients and 

phytoplankton with the potential to cause eutrophication of coastal waterways, 

destruction of mangrove and wetland habitats, and depletion of world fish stocks to make 

shrimp feed.  The continuation of unsustainable practices has the potential to significantly 

hamper farm production of shrimp.  The future of the industry relies on the development 

of more sustainable practices. 

 

Historically, reducing the eutrophication resulting from shrimp farming and optimizing 

pond water quality has been achieved largely using a trial and error approach where new 

designs and management approaches are evaluated based on on-farm observations.  This 

approach has resulted in gains for the industry, however, there is increasing recognition 

of the need to understand the natural processes in pond systems to reduce discharge loads 

and improve water quality (Tacon, 1996; Burford et al., 2001; Jory et al., 2001).  

Mathematical modeling is a powerful tool to aid the understanding of system dynamics, 

test hypotheses and synthesize empirical studies (Hilborn and Mangel 1997; Lorenzen et 

al., 1997).  
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N plays a key role in the dynamics of aquaculture systems due to its dual role, in various 

forms, as a nutrient and toxicant. N dynamics in intensive aquaculture ponds have been 

studied using mathematical modeling by, for example, Hargreaves (1997), Lorenzen et al. 

(1997), and Lefebvre et al. (2001).  Lorenzen et al. (1997) showed that uptake by 

phytoplankton and subsequent sedimentation are key processes in N dynamics in shrimp 

ponds operating at low water exchange rates, but ignored remineralization of sedimented 

N (Meijer and Avnimelech 1999; Burford and Longmore 2001).  Others (Hargreaves 

1997; Jiménez-Montealegre et al., 2002) have modeled TAN remineralization as a 

constant or temperature-dependent sediment flux without considering the dynamics of the 

sludge N pool explicitly.   
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Experimental studies indicate that feed inputs during the production cycle account for the 

bulk of N inputs to many shrimp ponds (Briggs and Funge-Smith 1994; Jackson et al., 

2003).  Much of the N input not incorporated into shrimp tissue enters the water column 

as TAN, is taken up by phytoplankton and settles on the sediment as particulate organic 

N.  This creates a pile of anoxic sludge with a high organic loading.  Alternatively, N 

input is deposited directly as uneaten feed or faeces (Burford and Williams, 2001).  Part 

of the sludge N is remineralized to enter the water column again as TAN.  Such recycled 

N may account for the bulk of TAN input into the water column late in the production 

cycle (Burford and Longmore, 2001).  

 

The present study aims to elucidate the dynamics of N sedimentation and 

remineralization in the course of a production cycle, and to evaluate the potential of 
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sludge removal as an alternative way of reducing toxic N components within the pond 

and in the wider environment. A mathematical model of N dynamics (Lorenzen et al., 

1997) is extended to incorporate a sludge N pool and the associated fluxes.  Parameters of 

the N dynamics model are estimated by fitting the model to observed water quality data 

for an Australian shrimp pond.  The model is used to analyze the role of sedimentation 

and remineralization in N dynamics throughout the production cycle, and to predict the 

effects of various management practices, including sludge removal and different rates of 

water exchange, on pond water quality.  
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2. Materials and methods 

2.1 Conceptual model 

A previous conceptual model of N dynamics in shrimp ponds (Lorenzen et al., 1997) was 

extended to incorporate a sludge N pool and the remineralization process (Fig. 1).  For 

the purposes of the model, N input was assumed to be exclusively formulated feed since 

previous studies have shown that only a small proportion of the N input was in the form 

of water and stock (5 to 10%) (Briggs and Funge-Smith, 1994; Jackson et al., 2003).  In 

the model, waste N is generated from shrimp feeding on formulated feed.  The N can 

enter the water column as TAN from shrimp excretion or remineralization of wasted feed, 

and as dissolved organic N (DON).  

 

TAN may be transformed via a number of pathways: assimilated by phytoplankton 

(CHL), volatilized as gaseous ammonia, converted to nitrite/nitrite (NOX) via 

nitrification processes, or discharged during water exchanges.  Nitrate may, in turn, be 
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assimilated by phytoplankton or discharged during water exchanges.  A previous study by 

Burford and Longmore (2001) measured denitrification directly and showed that the 

sediment, and particularly the sludge, was highly anoxic, and nitrate concentrations were 

low, thereby preventing denitrification.  Therefore, denitrification was excluded from the 

conceptual model.  The phytoplankton biomass, expressed as CHL, is either discharged 

during water exchanges or deposited on the pond floor.  The resulting detritus may be 

remineralized by bacteria to form TAN or buried in the sludge (NSED).   
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Dissolved organic N (DON) is produced in significant quantities in shrimp ponds as a 

result of the addition of shrimp feed (Burford and Williams, 2001).  However, much of it 

is refractory and not readily utilized by the natural biota (Burford, 2000), and therefore is 

shown as an isolated pool in the model. 

 

2.2 Mathematical model 

The mathematical model of Lorenzen et al. (1997) was modified based on the conceptual 

model to incorporate a NSED pool, the sludge N remineralization process, and a DON 

pool (Fig. 1).  The resulting model had five state variables representing the main N 

components: TAN, NOX, DON, NSED and particulate N in the form of phytoplankton, 

expressed as units of CHL. 

 

 

The N dynamics model is given by the following set of coupled differential equations for 

the five state variables: 
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where:  

CTAN = TAN concentration (mg l-1) 

t =time (d) 

q = proportion of N waste entering the water as TAN (with the remainder entering the 

water as DON) 

At = total N waste input per unit time (mg g-1 d-1) 

r = remineralization rate of TAN in the sludge (d-1) 

MNSED = mass of N (mg) in the sludge l-1 of pond water 

n = nitrification rate (d-1) 

v = volatilization rate of ammonia (d-1) 

f = water exchange rate (d-1) 
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g = phytoplankton growth rate (d-1) 137 
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c = N:CHL ratio of phytoplankton 

CNOX = NOX concentration (mg l-1) 

CCHL = CHL concentration 

s = sedimentation rate of phytoplankton (d-1) 

CDON = DON concentration (mg l-1)  

Note that the mass of N in the sludge MNSED is given l-1 of water to maintain direct 

comparability with the concentrations expressed as mg l-1.  Equations 4 and 5 are new 

additions to the equations of Lorenzen et al., (1997), and Equation (1) has been modified 

to incorporate TAN flux from remineralization of NSED.  The sub-models for N waste 

input and phytoplankton growth (Equations 6 to 12) are identical to those used in 

Lorenzen et al., (1997) with the exception that no P limitation term is considered in the 

phytoplankton growth equation (Equation  9). 

 

The total N waste input At was assumed to be proportional to the metabolism of the 

shrimp population: 

b
ttt WaNA   (6) 

where a is the N waste produced by one shrimp at unit weight (mg g-1d-1) and b is the 

allometric scaling factor of metabolism.  The number, Nt, of shrimp is given by an 

exponential mortality model:  

tM
t eNN  0  (7) 

with N0 the stocking density (l-1)and M the natural mortality rate (d-1) of shrimp. Shrimp 

mean weight Wt is given by a von Bertalanffy growth function (Gulland 1983):  
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where W∞ (g) and K (d-1) are the von Bertalanffy growth parameters and W0 (g) is the 

weight at stocking.  

 

The growth rate g of phytoplankton is defined as: 

Nlight LLgg max  (9) 

 where gmax  (d
-1) is the maximum growth rate in the absence of limitation, and Llight and 

LN are the light and TAN plus nitrate limitation coefficients respectively.  It was assumed 

that phosphate was not limiting to growth.  The light limitation coefficient is given by the 

integral of Steele’s (1962) light inhibition model over the water column, with light 

conditions defined by the Lambert-Beer law: 
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 where I0/Isat  is the ratio of the surface light intensity to the saturating light intensity, k is 

the extinction coefficient (m-1)and z is the pond depth (m).  The extinction coefficient is 

the sum of extinction due to CHL and extinction due to other sources: 

otherChlChl kCkk   (11) 

where kChl is the extinction per unit CHL concentration (m-1 mg-1), and kother is the 

extinction due to other sources.  Nitrogen limitation is defined by the Michaelis-Menten 

model:  
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180 where KsN (mg l-1)is the half-saturation constant for nitrogen. 



  10 

 181 

182 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

196 

197 

198 

199 

200 

201 

202 

203 

Phytoplankton were assumed to assimilate both TAN and NOX in proportion to their 

relative concentrations in the water column.  Nitrification, volatilization, sedimentation, 

remineralization and discharge of N were described as first-order rate processes 

(Lorenzen et al., 1997).  The model was implemented in Microsoft Visual Basic.   

 

2.3 Data used for model calibration 

The model was calibrated using data from a commercial shrimp pond in south-east 

Queensland, Australia (2745'S, 15320'E).  The earthen pond (1 ha) was stocked with 

Penaeus monodon postlarvae at a density of 40 animals m-2 and maintained for 160 days 

before harvesting to give a biomass of 5.5 t ha-1.  Average water temperatures over the 

season in this pond were 25.0  2.1C at 06:00 h and 26.8  2.1C at 15:00 h.  

Commercial feed was added throughout the growout cycle with the amount added being 

adjusted using feeding trays.  The FCR was 1.9.  The water was aerated with 

paddlewheels.  The pond had periodic water exchanges after the first 65 days.  This 

involved lowering the pond depth by approximately 20% then refilling with inlet water 

from the adjacent estuary.  Water exchange volumes were recorded.  Previous sampling 

of the inlet water at this farm, and Australian shrimp farms on similar river systems, has 

shown that the nitrogen loads from this source are low (Burford, 1997; Jackson et al., 

2003). 

 

The shrimp numbers and weight were estimated weekly after the first 4 weeks (when 

shrimp were sufficiently large to catch) using cast netting and weighing of approximately 
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100 shrimp.  The total N added to the pond and incorporated into shrimp tissue was 

determined from the total feed input, shrimp yield and proximate analysis of feed and 

shrimp.  The proportion of N present as dissolved organic N was also accounted for, and 

assumed to be refractory for the purposes of the model.  
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TAN was measured in the commercial ponds every 4 h from day 75 by automated 

sampling (Aqualab, Greenspan Technology) and passing the sample by a gas diffusion 

electrode (Orion).  Values were ground truthed against spot measurements of TAN using 

colorimetric techniques (American Public Health Association, 1995).  Water samples for 

CHL and NOX were taken weekly from day 75 at one site in the pond.  Previous 

sampling had determined that the shrimp ponds with mechanical aeration are horizontally 

well mixed so sampling at one site was representative of the pond (Burford, 1997).  TAN, 

CHL and NOX data for earlier in the production cycle were taken from regular 

monitoring in 5 ponds at the same farm in previous years. 

 

For CHL analyses, water samples were filtered through GF/F glass fibre filters.  The 

filters were frozen until analyzed by sonicating filters in ice-cold acetone (Jeffrey and 

Welshmeyer, 1997).  For NOX analyses, water samples were filtered through 0.45 m 

membrane filters, then frozen.  NOX was analyzed using the spongy cadmium method 

(Jones et al., 1984).   

 

Nutrient sampling and quantification of the sludge pile were conducted at the end of the 

growth season in the shrimp pond (Burford and Longmore, 2001).  The area and depth 
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contour of the sedimented particulate matter, i.e. inner sludge zone, in each pond was 

measured by walking calibrated transects across each pond and measuring the depth of 

the sludge each 2 m.  In addition, sediment cores (50 mm deep, 24 mm dia.) were taken 

from nine sites in the inner sludge region.  In the laboratory, the cores from all sites in 

each region were pooled and mixed thoroughly.  A subsample was taken for total 

Kjeldahl N analysis.  Samples were freeze-dried, sieved, digested and total Kjeldahl N 

was analyzed using an autoanalyzer (Technicon 1977).   
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2.4 Model calibration 

The model was calibrated as follows; all parameters that could be estimated directly, such 

as shrimp growth, mortality rates and N waste input, were determined from the relevant 

data; while most N dynamics parameters (flux rates) were estimated by fitting the model 

to observed water quality dynamics.     

 

Parameter values estimated independently were determined.  VBGF parameters were 

estimated from data on stocking and weekly shrimp weights (Table 1).  The mortality rate 

was estimated from numbers stocked and harvested.  The total N waste (TAN and DON) 

input rate was determined so that cumulative inputs over the production cycle equaled the 

total feed N input minus the N incorporated into shrimp tissue.  The proportions of total 

N waste entering the water as TAN and DON respectively, were based on the N budgets 

measured by Burford and Williams (2001).  Extinction coefficients from CHL and non-

chlorophyll solids were based on light intensity profiles from ponds at this farm (Burford, 

1997).  
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N dynamics parameters were estimated by fitting the model to observations of TAN, 

NOX and CHL over the course of a production cycle.  The model was fitted using the 

method of maximum likelihood with a normal error model (Hilborn and Mangel, 1997).  

The method involved fitting the model to time series of TAN, NOX and CHL 

simultaneously, as the total likelihood of the data given that the parameter estimates 

equalled the product of the likelihood of individual data series.  In order to test whether 

accounting for sediment remineralization significantly improved the fit of the model, 

confidence limits for r were derived from a likelihood profile.  

 

2.5 Management scenarios 

The model was used to evaluate the outcomes of two management scenarios, both 

simulated according to the waste N input rate observed at the end of the production cycle.  

The first scenario modeled variation in water exchanges (0 to 100% d-1) and stocking 

density (0 to 160 m-2), without sludge removal.  The second scenario modeled variation 

in sludge removal (0 to 100% d-1) and stocking density (0 to 160 m-2), without water 

exchange. 

 

3. Results 

3.1 Model calibration 

The model provided fitted well to the observed TAN, NOX and CHL concentrations 

throughout the production cycle (Fig. 2).  The model predicted a low TAN concentration 

(<0.1 mg l-1) for the first 100 days of the season.  Thereafter input exceeded 
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phytoplankton uptake capacity and TAN increased rapidly to reach 1.6 mg l-1 by the end 

of the growout season.  CHL concentrations increased steadily over much of the growout 

season, but leveled off after about 100 days reaching a plateau at 0.12 mg l-1 as self-

shading limited production.  Observed and predicted NOX concentrations remained low 

until TAN increased significantly in the latter part of the growing season, and increased 

rapidly after day 120. 
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The sedimentation rate was estimated as 0.8 d-1 while the remineralization rate of sludge 

N was estimated as 0.06 d-1 (i.e. 6% of the sludge N pool is remineralized d-1) (Table 1).  

A 95% confidence interval for r was estimated as [0.04, 0.7] d-1, i.e. r is significantly 

different from 0 and therefore, accounting for sediment remineralization improves the fit 

of the model significantly.  

 

3.2 Role of sedimentation and remineralization 

Sedimentation and remineralization play a major role in N dynamics over the production 

cycle (Fig. 3).  The highest concentration of N is in the sludge pool, which increases 

steeply over much of the cycle but plateaus towards the end of the production cycle 

(Fig. 3a).  This equates to 2.5 x 108 mg N pond-1.  In comparison, 3.2 x 108 mg N pond-1 

was measured as the total amount of N in the sludge in this pond at the end of the season.  

The total phytoplankton N (N Chl) and TAN have much lower concentrations.  This is 

the net result of the continued input of new TAN originating from feed, the sedimentation 

of phytoplankton N and remineralization of sludge N.  The TAN flux from sludge 

remineralization exceeds the flux of new TAN originating from feed inputs throughout 
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the later stages of the cycle (Fig. 3b).  Sedimentation exceeds remineralization of N 

throughout the cycle, leading to the rapid build-up of sludge N.  However, both fluxes 

converge towards an equilibrium in the last part of the cycle.  The limitation of 

phytoplankton production due to self-shading limits the N sedimentation flux, even if 

new TAN inputs continue to rise.  The stabilization of the sedimentation rate eventually 

gives rise to an equilibrium where sedimentation and remineralization fluxes are equal 

and the sludge N pool is constant.  
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3.3 N concentrations and fate in relation to farming intensity and water exchange 

Predictions of the impact of farming intensity and water exchange on TAN and CHL 

concentrations and the fate of N waste at the end of the production cycle were generated 

to assess whether the inclusion of sludge remineralization in the model affected the 

patterns predicted by Lorenzen et al. (1997) and Lorenzen (1999).  The effect of a range 

of stocking densities and water exchange rates on TAN and CHL concentrations at the 

end of the production cycle were determined.  TAN levels increased with decreasing 

water exchange rates and increasing stocking densities (Fig. 4a).  Increasing stocking 

densities increased CHL concentrations up to a stocking density of 20 animals m-2.  

However above these densities, there was no further increase in CHL (Fig. 4b).  

Increasing water exchange rates decreased CHL, and above exchange rates of 30% d-1, 

CHL was virtually absent. 

 

The percentage of N waste in the dissolved, particulate and sludge pools, and volatilized 

changed substantially with water exchange rates and stocking densities (Figs. 4 c, d, e, f).  
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The proportion of N discharged in the dissolved form increased with water exchange rate 

but increasing stocking density had little effect above 40 animals m-2 (Fig. 4c).  The 

proportion discharged as particulate N was highest at water exchange rates of 20% d-1 and 

decreased at higher and lower water exchange rates (Fig. 4d).  The proportion of N waste 

in the sludge decreased with increasing water exchange rates and stocking densities 

(Fig. 4e).  The proportion volatilized increased with stocking density and decreased with 

increasing water exchange rates (Fig. 4 f).   
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3.4 The effect of sludge removal 

Removal of only 10 to 20% of sludge per day reduced remineralization and hence TAN 

concentrations to 20 to 30% of values without sludge removal (Fig. 5a).  NOX 

concentrations were relatively low (<1 mg l-1) at low stocking densities (<50 m-2) so 

sludge removal had a less dramatic effect (Fig. 5b).  However, at higher stocking 

densities, removal of 10 to 20% of sludge substantially reduced NOX concentrations.  

DON concentrations increased with increasing stocking densities but were not affected at 

all by the sludge removal rate.  CHL increased with increasing stocking densities up to a 

plateau defined by self-shading, but the increase was steepest at low sludge removal rates 

and far more gradual at high sludge removal rates (Fig. 5d).  Overall, low sludge removal 

rates of 10 to 20% per day are sufficient to exert a strong effect on TAN, NOX and CHL 

concentrations, while higher rates of removal have little further effect.   

 

4. Discussion 
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4.1 The model 341 
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The incorporation of sludge remineralization in the N dynamics model of Lorenzen et al. 

(1997) permitted the analysis of the dynamic interactions of N input, sedimentation and 

remineralization in the course of a production cycle.  Although empirical studies have 

demonstrated the importance of remineralization processes in determining TAN 

concentrations (Sornin et al., 1990; Krom, 1991; Jiménez-Montealegre, 2001; Burford 

and Longmore, 2001), previous models have either ignored remineralization, or modeled 

the process as a constant or temperature-dependent flux without consideration of the 

dynamics of N accumulation in the sludge.  The present study clearly indicates that the 

dynamics of the sediment N pool is a major driver of water quality change in the course 

of the production cycle and should be considered explicitly. 

 

The model provided an excellent fit to time series of TAN, CHL and NOX concentrations 

in an Australian commercial shrimp farm.  Concentrations were also comparable with the 

range of concentrations measured in other shrimp pond studies (Briggs and Funge-Smith, 

1994; Tookwinas and Songsangjinda, 1999; Jackson et al., 2003).  Additionally, 

extrapolating NSED on a whole pond basis compared favorably with measured NSED 

values for this pond.  However, is must be acknowledged that it is difficult to accurately 

measure the amount of sludge in earthen ponds.  Another study of NSED in Australian 

shrimp ponds only found values 20% of that in our study (Jackson et al., 2003).   

 

There have been few studies of nitrogen dynamics in shrimp ponds to compare with the 

parameter values estimated in the model.  Estimated maximum phytoplankton growth 
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rates and N: chlorophyll ratios were very similar to values determined experimentally in 

shrimp ponds (Burford and Pearson, 1997; Burford et al., 2002; Jackson et al., 2003).  

Nitrification rates have generally not been studied in intensive earthen shrimp ponds with 

water exchange but nitrate and nitrite concentrations generally remain low throughout the 

growth season (Briggs and Funge-Smith, 1994; Tookwinas and Songsangjinda, 1999; 

Jackson et al., 2003).  Additionally a study of bacterial populations in shrimp ponds using 

an rDNA molecular technique found no evidence of nitrifiers (Baiano, 2002).  It has been 

hypothesized that the rates of water exchange are such that relatively slow growing 

nitrifiers cannot become established since in ponds with no water exchange, nitrification 

rates were significant (Bratvold and Browdy, 1998).  Therefore, the relatively low rates 

of nitrification estimated in our study are not likely to be underestimates.   
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A study of TAN diffusion due to sludge remineralization in shrimp ponds late in the 

growth season found lower rates (0.39 x 107 mg N pond-1 d-1, Burford and Longmore, 

2001) than those estimated using the model (1.53 x 107 mg N pond-1 d-1).  This 

discrepancy may reflect difficulties in measuring TAN diffusion directly as well as the 

simplistic model assumption of a constant rate of remineralization applied to the whole 

sediment N pool.  It seems likely that the uppermost layer of sludge accounts for a large 

share of remineralization while deeper layers become progressively isolated from the 

water column.  The upper layer is likely to be disturbed significantly when benthic 

chambers are deployed, most likely resulting in an underestimate of flux.  On the other 

hand, the assumption of a constant rate of N remineralization throughout the cycle is 

likely to underestimate flux early in the cycle, but overestimate flux later on when an 
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increasing proportion of N is locked in the deeper layers.  This emphasizes again that 

consideration of sediment N dynamics is very important to water quality management, 

and that further research on measuring and modelling the different components of this 

pool is highly desirable.  
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It is difficult to compare rates of N dynamics in shrimp pond with other aquaculture pond 

systems due to differences in stocking, feed wastage, water exchange rates and other 

management practices that ultimately affect the rates of nitrogen cycling.  However, 

estimated ammonia volatilization rates of 5% of TAN concentrations in our study were 

comparable with the 4% for channel catfish ponds (Gross et al., 1999).   

 

4.2 Implications of N remineralization 

Remineralization of N at the sludge-water interface plays a major role in the dynamics of 

N over the production cycle and dominates TAN inputs over much of the production 

cycle, a prediction consistent with empirical studies (Burford and Longmore, 2001).  

Incorporation of N remineralization in the model had little effect on the basic 

relationships between farming intensity, water management, and the concentrations and 

fate of N components derived in earlier studies where the process has been ignored 

(Lorenzen et al., 1997; Lorenzen, 1999).  This may seem surprising, given the large 

contribution of remineralized TAN to total TAN production in the pond.  However, while 

TAN remineralization implies that N cycles through the plankton-sludge system at a high 

rate, the resulting concentrations and fate are determined by the net fluxes between 

compartments.  When fitting a model to data that does not allow for remineralization, the 
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estimated sedimentation rate more closely reflects the net N sedimentation rate, and the 

overall predicted N dynamics may be very similar to those predicted by a model that 

allows for recycling and uses gross flux rates.  
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The model predicts that N sedimentation and remineralization fluxes converge towards 

equilibrium as the former is limited by phytoplankton production (which in turn is limited 

by self-shading) while the latter increases as N accumulates in the sludge.  This 

equilibrium defines a carrying capacity of the pond for cumulative N removal over the 

course of the culture cycle.  In the present case, this carrying capacity is estimated as 

about 18 mg l-1, or 27 g m-2.  Once the carrying capacity is reached, sediment N needs to 

be removed or otherwise made unavailable for remineralization if sedimentation is to 

remain a net N removal process.  In this study the equilibrium is approached towards the 

end of the cycle, and it is at this point that TAN and NOX levels increase significantly.  

This definition of carrying capacity is different from that given in Lorenzen et al. (1997), 

based only on current phytoplankton uptake capacity while neglecting the role of sludge 

N dynamics.  Neither of these definitions are likely to be entirely correct.  

Remineralization of sludge N is clearly important to water quality dynamics, and this 

inevitably means that current N uptake capacity is partly determined by the history of 

sludge N accumulation.  On the other hand, it is unlikely that the entire sludge N pool 

will remain subject to remineralization, as an increasing proportion is likely to be locked 

in the deeper layers of sludge.  To resolve this problem, it will be necessary to measure 

and model the different sludge N components explicitly.  
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The model developed in this study has shown that there is little benefit, in terms of TAN 

concentrations, in water exchange rates greater than 10% per day when stocking densities 

are low (<40 animals m-2).  At high stocking densities (>100 animals m-2) water 

exchanges of less than 20% per day would maintain TAN concentrations < 4 mg L-1 and 

should not compromise shrimp growth (Allan et al., 1990).  Higher water exchange rates 

(>30%) gave little benefit in terms of reducing TAN since CHL was effectively diluted at 

a rate faster than the potential phytoplankton growth rate.  Phytoplankton plays a key role 

in controlling TAN in shrimp ponds (Burford and Glibert, 1999). 
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In more recent years, water exchange rates in some countries have decreased as a 

biosecurity measure to prevent the spread of disease, and as environmental regulations for 

nutrient and suspended solids discharges have become more stringent (Funge-Smith and 

Briggs, 1998).  In South East Asia, water exchange rates have decreased from 17.5% in 

1998 to present values of 7% (McIntosh and Avnimelech, 2001).  Coupled with 

constraints on farmers regarding water exchange, shrimp farmers are under pressure to 

become increasingly competitive.  One method for achieving this is to increase yields by 

increasing stocking densities.  The modeling approach has shown that in order to 

maintain TAN at levels that will not compromise shrimp growth, i.e. below 4 mg L-1, 

stocking densities cannot be increased above 60 animals m-2 at current water exchange 

rates of 7%.   

 

Increasing stocking densities beyond 60 animals m-2 requires new methods of managing 

TAN levels.  One avenue is to remove the buildup of sludge from ponds.  By accounting 
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for N remineralization explicitly, the model developed here has been used to analyze this 

management option.  Previous studies have shown that substantial amounts of TAN are 

released from the sludge in shrimp ponds as a result of remineralization of organic 

detritus (Burford and Longmore, 2001).  The modeling approach has now shown that 

removal of 10 to 20% of sludge d-1 throughout the production cycle is sufficient to 

maintain TAN levels below critical thresholds even when stocking densities are as high 

as 140 m-2 with zero water exchange.  At this rate of removal, there is also sufficient 

TAN for optimal algal growth.  The key to effective removal of N from the sludge pool is 

to maximize sedimentation, coupled with effective mechanisms for periodically removing 

sludge from ponds (Hopkins et al., 1994).  Methods such as the use of central drains and 

siphons have proven partially successful, but often labour intensive at commercial farms 

(Browdy et al., 2001).  There is a need for more effective mechanisms for sludge removal 

and concentration for on-land disposal. 
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The model provides a tool for examining effects of management strategies on a whole-of-

season basis.  Therefore it does not reflect the rapid short-term oscillations of parameters 

such as CHL and TAN and should be viewed in this context.  Additionally the model 

does not include rates of grazing on phytoplankton.  A previous study have shown that 

many zooplankton species are only present in numbers sufficient to substantially impact 

phytoplankton biomass in the first few weeks of the production cycle (Coman et al., in 

press; Preston et al., in press).  It has been hypothesized that predation by shrimp is the 

cause for the reduction in zooplankton numbers. 
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The present model provides insights into the role of sludge remineralization, but still has 

some limitations that may be resolved through further combined experimental and 

modeling studies. In particular, the representation of remineralization as a constant rate 

process acting on the total sludge N pool is simplistic.  Sedimentation of phytoplankton 

results in layers of loose organic matter that may become partly incorporated into the 

inorganic sludge matrix.  The sludge N pool thus consists of several compartments with 

their own dynamics and differential availability to remineralization.  Additionally, the 

rate of diffusion of TAN into the water column will vary depending on the density and 

other characteristics of the sludge.  A more detailed analysis of the sedimentation and 

remineralization process may lead to refinements of the model.     
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In conclusion, accounting for the role of sludge remineralization in the dynamics of N in 

shrimp ponds makes little difference to the evaluation of management strategies that do 

not involve manipulation of the sludge N pool.  However, it indicates that sludge removal 

provides an alternative mechanism to water exchange to improve water quality and 

minimize environmental effects.  Although sludge removal would require additional 

infrastructure and hence cost, our model indicates much higher stocking densities should 

be achieved, potentially offsetting this cost, and ultimately improving profitability. 



  24 

 497 

498 

499 

500 

501 

502 

Acknowledgements 

We wish to thank the following: Peter Thompson for water quality data, and Malcolm 

Austin and Gold Coast Marine Aquaculture for providing farm data. Drew Tyre, Chris 

Jackson and three anonymous referees provided constructive criticism of this manuscript.  

CSIRO Marine Research and Imperial College London provided funding for this project. 



  25 

References 503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

513 

514 

515 

516 

517 

518 

519 

520 

521 

522 

523 

American Public Health Association, 1995.  Standard Methods for the Examination of 

Water and Wastewater. 19th edition. Clesceri, L.S, Greenberg, A.E, Trussell, R.R. 

(Eds.), APHA, Washington D.C., USA. 

Allan, G.L., Maguire, G.B., Hopkins, S.J., 1990.  Acute and chronic toxicity of ammonia 

to juvenile Metapenaeus macleayi and Penaeus monodon and the influence of low 

dissolved-oxygen levels. Aquaculture 91, 265-280. 

Baiano, J.C.F., 2002.  The Microbial Ecology of Aquaculture Prawn Ponds. PhD Thesis, 

University of Queensland. 

Bratvold, D., Browdy, C.L., 1998.  Simple electrometric methods for estimating 

microbial activity in aquaculture ponds. Aquacultural Engineering 19, 29-39. 

Browdy, C.L., Bratvold, D., Stokes, A.D., McIntosh, R.P., 2001.  Perspectives on the 

application of closed shrimp culture systems. In: Browdy, C.L., Jory, D.E. (Eds.), The 

New Wave, Proceedings of the Special Session on Sustainable Shrimp Culture, 

Aquaculture 2001. The World Aquaculture Society, Baton Rouge, USA, pp. 20-34. 

Briggs, M.R.P., Funge-Smith, S.J., 1994.  A nutrient budget of some intensive marine 

shrimp ponds in Thailand. Aquaculture and Fisheries Management. 25, 789-811. 

Burford, M., 1997. Phytoplankton dynamics in shrimp ponds. Aquaculture Research 28, 

351-360. 

Burford, M.A., 2000.  Fate and transformation of dietary nitrogen in penaeid prawn 

aquaculture ponds. PhD Thesis, The University of Queensland, Brisbane, Australia. 



  26 

Burford, M.A., Pearson, D.C., 1998.  Effect of different nitrogen sources on 

phytoplankton composition in aquaculture ponds. Aquatic Microbial Ecology 15, 277-

284. 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 

534 

535 

536 

537 

538 

539 

540 

541 

542 

543 

544 

545 

546 

547 

Burford, M.A., Glibert, P.M., 1999.  Short-term nitrogen cycling in early and late growth-

phase shrimp ponds. Aquaculture Research 30, 215-227. 

Burford, M.A., Williams, K.C., 2001.  The fate of nitrogenous waste from shrimp 

feeding. Aquaculture 198, 79-93. 

Burford, M. A., Jackson, C.J., Preston, N.P., 2001. Reducing nitrogen waste from shrimp 

farming: an integrated approach. In: Browdy, C.L., Jory, D.E. (Eds.), The New Wave: 

Proceedings of the Special Session on Sustainable Shrimp Culture, Aquaculture 2001, 

World Aquaculture Society, Baton Rouge, Louisiana, USA, pp. 35-43. 

Burford, M.A., Longmore, A.R., 2001. High ammonium production from sediments in 

hypereutrophic shrimp ponds. Marine Ecology Progress Series 224, 187-195. 

Burford, M.A., Preston, N.P., Glibert, P.M., Dennison, W.C. 2002. Tracing the fate of 

15N-enriched feed in an intensive shrimp system. Aquaculture, 206, 199-216. 

Funge-Smith, S.J., Briggs, M.R.P., 1998. Nutrient budgets in intensive shrimp ponds: 

implications for sustainability. Aquaculture 164, 117-133. 

Coman, F. E., Connolly, R. M., Preston, N. P., 200…. Zooplankton and epibenthic fauna 

in shrimp ponds - factors influencing assemblage dynamics. Aquaculture Research, in 

press. 

Hargreaves, J.A., 1997. A simulation model of ammonia dynamics in commercial catfish 

ponds in the southeastern United States.  Aquacultural Engineering 16, 27-43. 

Hilborn, R., Mangel, M., 1997. The Ecological Detective: Confronting Models with Data. 

Princeton University Press, Princeton. 



  27 

Hopkins, J.S., Sandifer, P.A., Browdy, C.L., 1994. Sludge management in intensive pond 

culture of shrimp: Effect of management regime on water quality, sludge 

characteristics, nitrogen extinction, and shrimp production. Aquacultural Engineering 

13, 11-30. 

548 

549 

550 

551 

552 

553 

554 

555 

556 

557 

558 

559 

560 

561 

562 

563 

564 

565 

566 

567 

568 

Gross, Boyd, C.E., Wood, C.W., 1999.  Ammonia volatilization from freshwater fish 

ponds. Journal of Environmental Quality 28, 793-797. 

Gulland, J.A., 1983.  Fish stock assessment: A manual of basic methods. Wiley, 

Chichester. 

Jackson, C., Preston, N., Thompson, P., Burford, M. 2003.  Nitrogen budget and effluent 

nitrogen components at an intensive shrimp farm. Aquaculture, 218, 397-411. 

Jeffrey, S.W., Welshmeyer, N.A., 1997.  Spectrophotometric and fluorometric equations 

in common use in oceanography. In: Jeffrey, S.W., Mantoura, R.F.C., Wright, S.W. 

(Eds.), Phytoplankton Pigments in Oceanography, Monographs on Oceanographic 

Methodology No. 10. UNESCO Publishing, Paris, pp 597-615. 

Jiménez-Montealegre, R., 2001.  Nitrogen transformation and fluxes in fish ponds: a 

modeling approach. PhD thesis, Wageningen University, The Netherlands, 185 pp. 

Jiménez-Montealegre, R., Verdegem, M.C.J., van Dam, A., Verreth, J.A.J., 2002. 

Conceptualization and validation of a dynamic model for the simulation of nitrogen 

transformations and fluxes in fish ponds. Ecological Modelling 147, 123-152. 

Jones, M.N., 1984. Nitrate reduction by shaking with cadmium; Alternative to cadmium 

columns. Water Research 18, 643-646. 



  28 

Jory, D., Cabrera, T.R., Dugger, D.M., Fegan, D., Lee, P.G., Lawrence, A.L., Jackson, 

C.J., McIntosh, R.P., Castañeda, J., 2001. A global review of shrimp feed 

management: Status and perspectives. In: Browdy, C.L., Jory, D.E. (Eds.), The New 

Wave: Proceedings of the Special Session on Sustainable Shrimp Culture, Aquaculture 

2001, World Aquaculture Society, Baton Rouge, Louisiana, USA, pp. 35-43. 

569 

570 

571 

572 

573 

574 

575 

576 

577 

578 

579 

580 

581 

582 

583 

584 

585 

586 

587 

588 

589 

Krom, M.D., 1991. Importance of benthic productivity in controlling the flux of dissolved 

inorganic N through the sediment-water interface in a hypertrophic marine ecosystem. 

Marine Ecology Progress Series 78, 163-172. 

Lefebvre, S., Bacher, C., Meuret, A., Hussenot, J., 2001. Modeling approach of nitrogen 

and phosphorus exchanges at the sediment¯water interface of an intensive fishpond 

system. Aquaculture 195, 279-297.   

Lorenzen, K., Struve, J., Cowan, V.J., 1997. Impact of farming intensity and water 

management on nitrogen dynamics in intensive pond culture: a mathematical model 

applied to Thai commercial shrimp farms. Aquaculture Research 28, 493-507. 

Lorenzen, K., 1999. Nitrogen recovery from shrimp pond effluent: dissolved N removal 

has greater overall potential than particulate nitrogen removal, but requires higher 

rates of water exchange than presently used. Aquaculture Research 30, 923-927. 

McIntosh, R.P., Avnimelech, Y., 2001. New Production Technologies. Global 

Aquaculture Advocate 4, No. 4, pp. 54-56. 

Meijer, L.E., Avnimelech, Y., 1999. On the use of micro-electrodes in fish pond 

sediments. Aquacultural Engineering 21, 71-83. 



  29 

590 

591 

592 

593 

594 

595 

596 

597 

598 

599 

600 

601 

602 

603 

604 

605 

606 

607 

608 

609 

610 

Naylor, R.L., Goldburg, R.J., Mooney, H., Beveridge, M., Clay, J., Folke, C., Kautsky, 

N., Lubchenco, J., Primavera, J., Williams, M., 1998. Nature’s subsidies to shrimp and 

salmon farming. Science 282, 883-884. 

Naylor, R.L., Goldburg, R.J., Primavera, J.H., Kautsky, N., Beveridge, M.C.M., Clay, J., 

Folke, C.,  Lubchenco, J., Mooney, H., Troell. M., 2000. Effect of aquaculture on 

world fish supplies. Nature 405, 1017-1024. 

Preston, N. P., Coman, F. E. and Fry, V. M., in press.  Shrimp pond zooplankton 

dynamics and the optimization of sampling effort. Aquaculture Research. 

Sornin, J.M., Collos, Y., Delmas, D., Feuillet-Girard, M., Gouleau, D., 1990. Nitrogenous 

nutrient transfers in oyster ponds: role of sediment in deferred primary production. 

Marine Ecology Progress Series 68, 15-22. 

Steele, J. H., 1962. Environmental control of photosynthesis in the sea. Limnology and 

Oceanography 7, 137-150. 

Tacon, A.G.J., 1996. Nutritional studies in crustaceans and the problems of applying 

research findings to practical farming systems. Aquaculture Nutrition 2, 165-174. 

Technicon, 1977. Individual/Simultaneous Determination of Nitrogen or Phosphorus in 

BD Acid Digests. Technicon Industrial Method No. 329-74 W/B, Technicon 

Industrial Systems, Tarrytown, N.Y. p. 10591. 

Tookwinas, S., Songsangjinda, P., 1999.  Water quality and phytoplankton communities 

in intensive shrimp culture ponds in Kung Krabaen Bay, Eastern Thailand. Journal of 

the World Aquaculture Society 30, 36-45.



  30 

 

Table 1: Model parameter values 
 
Parameter Values Reference 
Management/environment parameters 

Shrimp growth rate VBGF K (d-1) 0.0075 Burford (unpubl. data) 
Shrimp max. wt VBGF W (g) 75.6 Burford (unpubl. data) 
Shrimp stocking wt. VBGF W0 (g) 0.005 Burford (unpubl. data 
Shrimp mortality M (d-1) 0.0055 Burford (unpubl. data) 
Waste N input A (mg g-1 d-1)  4.0 Estimated from N budget 
Proportion of N entering as TAN q 0.9 Burford (unpubl. data) 
Allometric scaling of TAN excretion b 0.75 Burford and Williams (2001) 
Pond depth z (m) 1.5 
Extinction coeff. Non chl a kother (m

-1) 2.5 Burford (1997) 
Extinction coeff. Chl a kchl (m

-1 mg-1) 14 Burford (1997) 
Water exchange f (d-1) 

Day 1 – 65 0 
Day 65 – onwards 0.05 Burford (unpubl. data) 

 
N dynamics parameters (estimated) 

Phytoplankton growth rate g (d-1) 1.45  
Ratio surface/saturating light int. I0 /Isat 2.4  
N:CHL ratio of algae c 13  
N half saturation KsN (mg L-1) 0.008  
Sedimentation rate s (d-1) 0.8  
Nitrification rate n (d-1) 0.15  
Volatilization rate v (d-1) 0.05  
Sludge remineralization rate r (d-1) 0.06  
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Figure legend 

Figure 1: Conceptual model of N input, transformation and removal in intensive shrimp 

ponds.  Arrows represent pathways and boxes indicate the key N components 

represented as state variables in the model: TAN = total ammonia N; NOX = nitrate 

plus nitrite; CHL = chlorophyll a as a measure of phytoplankton, and hence particulate 

N biomass; DON = dissolved organic N; and NSED = N buried in the sludge.   

 

Figure 2: Predicted (solid lines) and measured (solid squares) concentrations of: (a) total 

ammonia N (mg l-1); (b) CHL (g l-1); and (c) NOX (mg l-1) in a shrimp pond over a 

production cycle. 

 

Figure 3: Predicted dynamic of (a) major N pools (mg l-1), and (b) N flux (mg l-1 d-1) over 

the period of the production cycle. The sediment N pool is expressed as a mass l-1  of 

water and shown on the same scale as the concentrations of the other N components.     

 

Figure 4: Predicted concentrations of: (a) TAN (mg l-1); (b) CHL (g l-1); and fate of N 

waste (%) in the (c) dissolved = Diss; (d) particulate = Part; (e) sludge; and (f) 

volatilized = Vol fractions in a shrimp pond at the end of the production cycle as a 

function of water exchange rates and shrimp stocking densities, with no sludge 

removal. 
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Figure 5: Predicted concentrations of: (a) TAN (mg l-1); (b) NOX (mg l-1); and (c) CHL 

(g l-1) in a shrimp pond at the end of the production cycle as a function of sludge 

removal rates and shrimp stocking densities, with no water exchange. 
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Fig 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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